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 Chapter 4  
 
Helical Movements of MscL during its 
Gating Observed with an Environment-
Sensitive Fluorescent Probe 






Environment-sensitive fluorophores are a special class of chromophores that have 
spectroscopic behavior that is dependent on the physicochemical properties of the 
surrounding environment. By conjugating them to proteins, one can get information 
on the environment immediately surrounding the incorporation site. Here we used an 
environment-sensitive fluorescent probe in order to follow the residue-specific 
environment changes taking place during gating of MscL. We converted each TM1 
residue of MscL to a cysteine, and modified them individually with a cysteine-specific, 
environment-sensitive fluorescent probe. We opened and closed the channels by 
adding lysophosphatidylcholine (LPC) and bovine serum albumin (BSA) to the 
liposomes, respectively, and followed the residue-specific polarity changes.  
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Introduction Fluorescent probes have been used for decades in order to understand the organization of biological molecules (Giepmans, 2006). The usefulness of fluorescence in studying biological molecules stems from its sensitivity, kinetic resolution, and compatibility with both live cells and physiological assays. Among fluorescent molecules, environment-sensitive fluorescent probes exhibit emission properties that are affected by the nature of the environment, such as pH, viscosity, and solvent polarity (Loving et al., 2010). By conjugating them to proteins, one can get valuable information on the environment surrounding the molecules. The fluorophore of tryptophan has been the most popular tool to study protein motions, folding and ligand binding studies (Zhou and Rosen, 1997; Schuler and Eaton, 2008; Rasmussen et al., 2010). However, the short wavelengths required for the indole excitation, and the relative abundance of tryptophan in nature limits its application in complex systems. This has prompted the design of extrinsic synthetic fluorophores with improved photophysical properties.  A number of solvatochromic fluorophores based on xanthene such as rhodamines, fluoresceins, and Alexa dyes were developed in fluorescence quenching and energy transfer measurements to study protein folding, post-translational modifications and binding interactions. A major limitation of these probes was that available side-chain-reactive probes commonly used in these studies are normally not very sensitive to their environment and therefore poorly suited to report protein conformational change.  In order to overcome this limitation pioneering work by Weber and others demonstrated that exceptionally environment-sensitive fluorophores can be engineered by placement of electron donating and accepting groups on opposite ends of an aromatic ring system (Weber and Farris, 1979). This approach has been used for a number of environment-sensitive probes, such as prodan, dapoxyl and dansyl. The dansyl fluorophore has been widely used in fluorescence quenching measurements, energy transfer and molecular motion studies (Haas et al., 1978; Fleming et al., 1979; Ikkai et al., 1979). The dansyl group has emission properties that are strongly dependent upon the nature of the environment; in particular, they exhibit a large bathochromic shift on going from a nonpolar to a polar environment. 
Further, the Stokes’ shift of the dansyl  roup dissolved in a variety of solvents correlates well with the dipolarity of the medium (Fletcher et al., 2001; Lakowicz, 2007). The environment sensitivity of dansyl is based on the following principle: upon excitation the charge density throughout the fluorophore is changed, which generates a large dipole moment. The relaxation of solvent molecules around the fluorophore lowers the energy of the system, subsequently increasing the emission wavelength and reducing the fluorescent intensity (Figure 1).  







Figure 1.  Mechanism underlying the environment-sensitivity of MTS-Dansyl 
Here we study MscL gating by following the conformational changes of MscL as a function of residue-specific polarity changes during gating. We mutate, one at a time, TM1 residues 17 to 46 of E. coli MscL to cysteine (Figure 2A). After exogenous expression of the mutant channel, the cysteine is modified with a sulfhydryl-reactive, environment-sensitive, fluorescent compound; dansylamidoethyl methanethiosulfonate (MTS-dansyl) (Figure 2B). When the environment of the fluorophore changes upon channel activation (from a nonpolar to more polar environment), a change in the intensity and wavelength at peak fluorescence is detected. We also show that the process is reversible. When the channel is closed back, the emission wavelength maximum returns to its original position.  By this approach, we follow the residue-specific environment changes during channel gating.  
 
Figure 2. (A) Side view of one of the subunits of pentameric MscL. Residues mutated to cysteine and labelled with MTS-Dansyl are shown in blue. The structure model is based on the crystal structure of pentameric MscL from M. tuberculosis (Steinbacher et al., 2007) (B) Chemical structure of MTS-Dansyl.   
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Results and Discussion 
 
Synthesis of MTS-Dansyl MTS-Dansyl was synthesized as explained in detail in the materials and methods section and schematically presented below (Figure 3).    
 
Figure 3.  Synthesis of MTS-Dansyl. 
Fluorescence Characterization of MTS-Dansyl To identify the detection window of MTS-Dansyl, we first characterized its spectral environment sensitivity in different organic solvents (Figure 4). Emission maxima varied with increasing polarity from 486 nm (in toluene) to 537 nm (in ethanol:water (1:1 v/v)). These values are considered as the maximum and minimum hydrophobicity limits, and all the measurements were normalized according to these values. 
 
Figure 4. Detection limit of MTS-Dansyl characterized in different solvents. Fluorescence emission-wavelength vs normalized fluorescence in different solvents: methanol, ethanol, dimethylformamide (DMF), acetone, toluene, ethanol:water (1:1 v/v). 
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Fluorescence Measurements of MTS-Dansyl labeled MscL In order to validate the performance of MTS-Dansyl for reporting the polarity changes during MscL gating, we chose a specific residue (22nd position of E. coli MscL), which is known to be one of the most mobile positions during channel opening (Yoshimura et al., 1999). The 22nd position of E. coli MscL was mutated to cysteine by site-directed mutagenesis and after expression of the mutant channel in 
E. coli, the cysteine was modified with MTS-Dansyl during the protein purification procedure. Afterwards, MTS-Dansyl labeled proteins were reconstituted into liposomes made of azolectin or a mixture of dioleoylphosphatidylglycerol and dioleoylphosphatidylcholine  (DOPG:DOPC (3:1)) and the fluorescence of MTS-Dansyl is measured. As a control, fluorescence of liposomes without labeled protein was also measured, and the background signal was subtracted from the signal of the proteoliposomes. Since the background signal was higher in azolectin liposomes than in DOPG:DOPC (3:1) liposomes (data not shown), DOPG:DOPC (3:1) liposomes were used for the rest of the study. In order to gate the channel, we use the lipid lysophosphatidylcholine (LPC). LPC added to the vesicle medium inserts into the outer leaflet of the liposomes asymmetrically, and activates MscL (Mukherjee et al., 2014). When the environment of the fluorophore changes upon LPC addition, a decrease in the intensity and a shift in wavelength at peak fluorescence are detected (Figure 5). When the channel is closed back by the addition of bovine serum albumin (BSA) (Dimitrova et al., unpublished), the wavelength at peak fluorescence shifts back, suggesting that the channel closing can also be followed by MTS-Dansyl (Figure 5A).  
 
Figure 5.  Fluorescence measurement of G22C MscL labeled with MTS-Dansyl. (A) As the channel is activated by LPC, the polarity of the microenvironment increases, leading to a shift in the wavelength at peak fluorescence. When BSA is added, the channel closes as LPC is extracted from the liposomal bilayer. (B) 0.25 mM LPC shifts the wavelength at peak fluorescence to 505 nm first (red line). A further shift to 515 nm (blue line) is observed with the addition of 0.5 mM LPC. After this point, addition of more LPC had no effect. 
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After seeing that MTS-Dansyl is sensitive enough to report gating-associated polarity changes in the microenvironment of MscL, we investigate each TM1 residue from 17 to 46 of E. coli MscL (15 to 44 in M. Tuberculosis MscL).  We tested the activity of all the cysteine mutants using a calcein-dequenching assay and found that the cysteine mutants alone do not affect the activity of MscL (data not shown). Then, we modified individual cysteine mutants with MTS-Dansyl and reconstituted them into liposomes and measured the fluorescence of MTS-Dansyl in the closed state of MscL. The emission wavelengths at maximum fluorescence were recorded for each mutant (Table 1A). The recorded wavelengths were then normalized to the most polar and most non-polar standards used (ethanol:water (1:1 v/v) and toluene, respectively). A value from 0 to 1 is assigned to each residue based on the normalization with respect to the standards (Table 1B).  
 
Table 1. (A) Fluorescence emission wavelengths of TM1 residues in closed, open and 
re-closed state of MscL (B) Normalized values of fluorescence emission wavelengths  
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The D-helical periodicity of TM1 is reflected in the polarity profile, where the data shows polar residues for every third or fourth residue. Furthermore, we could 
observe the ‘hydrophobic lock’ in the pore re ion of the channel (L19XXXI   of E. 
coli MscL), comprising the mostly hydrophobic residues and known to stabilize MscL in the closed conformation (Blount and Moe, 1999; Yoshimura et al., 1999) (Figure 6, red line).  
 
Figure 6. Residue-specific polarity changes in the closed, open and re-closed state of 
E.coli MscL. 
After defining the hydrophobicity of the TM1 residues in the closed form of the channel, we looked at the same residues in the open form of MscL. For that, the channel was activated with 1 mM LPC, which was shown to fully activate MscL (Perozo et al., 2002). An increase in wavelength at maximum fluorescence was observed for all the residues, although the degree of the increase varied (Figure 6, blue line and Table 1). We observed a substantial increase in the polarity of the pore region, i.e. (residues 19-24 in E. coli), during channel gating. 55% increase in the polarity was observed for the microenvironment of 24th position, and this is followed by 42%, 40%, 38% and 34% increase for 19th, 20th, 23rd and 22nd positions, respectively. This observation shows that the microenvironment of these residues changes significantly during gating, facing overall a more hydrophilic environment when MscL is in the open state. Apart from the pore region, there was also a significant polarity increase observed for residues F29C, I32C, V33C, V37C and M42C, implying that these residues also changed their microenvironment during gating. On the other hand, for D18C, S35C, L36C, A38C and D39C, only the maximum LPC concentration caused a minor change (up to 10%) or no change in the polarity of their environment. 
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Next, we re-closed the already open MscL channels by adding BSA to the liposomal suspension.  After 5 min of incubation, the wavelength at maximum fluorescence was recorded again. When the channel is re-closed, we observed that most of the residues face the same hydrophobic environment as the initial closed state (namely L19C, A20C, G30C, K31C, V33C, S35C, L36C, A38C, D39C, I41C and P44C). On the other hand, residues V21C, G22C, V23C, I24C in the pore face a slightly more hydrophilic environment than in the initial closed state (Figure 6, green line and Table 1). Whether it is an intrinsic property of the protein or is a result of the label itself needs further investigation. After showing the initial and final environments of individual TM1 residues, we set out to characterize the early conformational changes during channel opening. We studied the residue-specific changes of MscL upon opening the channel sequentially by using increasing concentrations of LPC from 0.25 mM to 1 mM. After LPC addition, proteoliposomes were incubated for 5 min, and the emission wavelengths at maximum fluorescence are recorded for each LPC concentration (Table 2).  
 
Table 2. (A) Fluorescence emission wavelengths of TM1 residues in the presence of 
0.25, 0.5, and 0.75 mM LPC (B) Normalized values of fluorescence emission 
wavelengths. 
Figure 7 shows residue-specific environment changes during sequential opening of MscL. While Figure 7a shows the initial hydrophobicity of each residue and the polarity change upon increasing LPC concentration, Figure 7b defines the contribution of each LPC concentration in the residue-specific polarity change. With 
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Figure 7. Residue-specific polarity changes with increasing LPC concentration. (A) Normalized wavelength at peak fluorescence for individual TM1 residues before and after addition of different concentrations of LPC. (B) Percent change in wavelength at peak fluorescence for individual TM1 residues with increasing concentrations of LPC.  
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In Figure 8, the polarity profile of TM1 is shown as a gradient in red and blue by aligning the data with the crystal structure of MscL from M. tuberculosis (Chang et 
al., 1998). In Figure 8A, a top view of MscL is shown in closed (left panel), open (middle panel) and re-closed (right panel) states. While the residues facing the pore region are in a hydrophobic environment in the closed state, they face to a hydrophilic environment upon opening. Moreover, upon re-closure of the channel, not all residues return to their initial environment, assuming that the label itself has no influence on a particular region of the protein.  Figure 8B shows the polarity profile of MscL in intermediate open states during gating. As the channel starts to open with 0.25 mM LPC, hydrophobic residues already start to become more hydrophilic. While most of the residues changed their environment to be more hydrophilic with 0.5 mM LPC, the residue 39 in M. 
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Figure 8. (B) Side view of monomeric MscL in close, intermediate open, open and re-
closed states. The lipid bilayer is shown with a dashed line. Red color represents the most hydrophobic residues, while blue color  
Finally, in order to correlate the MscL gating with the observed residue specific environment changes, we performed coarse-grained molecular dynamics simulations. Using the closed state crystal structure of MscL from M. tuberculosis (Chang et al., 1998; Steinbacher et al., 2007) a coarse-grained model (Yefimov et al., 
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2008; Louhivuori et al., 2010) was generated and embedded in a DOPC bilayer. By applying tension (65 mN/m) on the membrane, we were able to simulate initial channel opening. In the first ~100 ns following the application of the lateral bilayer tension and thinning of the bilayer, the transmembrane helixes tilted, extending the extracellular cavity of the channel. This is followed by the expansion of the hydrophobic gate and the passage of CG water through the channel. We constructed a water accessibility profile for the TM1 helix during channel gating by counting the number of water molecules in the microenvironment of each residue. Water accessibility for each MscL residue was defined as the average number of CG water molecules in a 1 nm distance away from that specific residue. Even though MD simulations only open MscL up to a sub-open state, we observed a comparable polarity profile in the simulations (Figure 9) to that of fluorescence experiments (Figure 6).  
 
Figure 9. Polarity profile of TM1 residues of M. tuberculosis MscL calculated with MD 
simulations. 
All together our results show that in TM1, the transition to an open state results in a widespread increase in polarity. We also show that the first and the most pronounced changes in the microenvironments, hence the biggest conformational changes, occur at a very early stage of gating, i.e. at LPC concentrations less than 0.25 mM. At this stage, not only the pore residues but even periplasmic residues change their environment. Furthermore, our observations support that instead of a rigid body movement of the whole helix, there are individual regions within the TM1, such as the pore region (V17 to I24 in M. tuberculosis and 19 to 26 in E.coli) that move together during the channel gating.  The behavior of certain residues (27C, 31C, 39C in M. tuberculosis) suggests the presence of possible kinks around those residues that could be important in twisting of the TM1 helix. Since our results show that the conformational changes start at a very early stage of the gating, further study with lower LPC concentration (lower than 0.25 mM) would be very valuable in terms of elucidating the very early structural changes taking place during initial opening.  
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In conclusion, here we identified residue-specific environment changes during MscL gating. These polarity dependent spectral changes offer a potentially simple means of relating fluorescence to local structure and motion. Currently, based on our data we are generating a model to explain the MscL gating. 
Materials and Methods 
Synthesis of Dansylamidoethyl methanethiosulfonate (MTS-Dansyl) Chemicals were commercially available and used without further purification. NMR spectra were recorded on a Varian Mercury Plus spectrometer at 400 MHz for 1H NMR and 100.6 for 13C NMR. Chemical shifts are reported in to tetramethylsilane. Mass spectra were obtained with Jeol JMS-600 spectrometer using the EI technique. 2-aminoethyl methanethiosulfonate hydrobromide was prepared according to the published procedure (Bruice and Kenyon, 1982) in 80% yield. Analytical data agree with the published data. To a solution of 5-(dimethylamino)naphthalene-1-sulfonyl chloride (270 mg, 1 mmol) and 2-aminoethyl methanethiosulfonate hydrobromide (260 mg, 1.1 mmol) in dichloromethane (3 ml) was added dropwise triethylamine (0.42 ml, 304 mg, 3 
mmol) at  °C.  he reaction mixture was stirred for 1h at  °C and then for  h at room temperature. After addition of water (5 ml), the reaction mixture was extracted with dichloromethane (2 x 10 ml) and combined organic extracts were dried over anhydrous sodium sulfate and concentrated in vacuo. Flash chromatography on silica gel using toluene:ethyl acetate (4:1) as an eluent afforded 248 mg (64%) of the product. 
Plasmid and Strain As previously described (Birkner et al., 2012) E. coli MscL was encoded in p1BAD vector and protein expression was performed in a MscL null E. coli PB104 strain. The p1BAD vector provides ampicillin resistance, a 6His-tag for purification, and arabinose control over protein expression. Site directed mutagenesis was accomplished by polymerase chain reaction, using QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Briefly, wild-type MscL in p1BAD was used as a template, and oligonucleotide primers were designed that incorporated the desired codon change accompanied by two 12- to 18-base pair flanking sequences on each side. All mutants were verified by DNA sequencing and enzymatic digestion.  
Protein expression and purification Mutant proteins were expressed and purified as described previously (Koçer et al., 2007; Birkner et al., 2012). In short, all mutant constructs were transformed into CaCl2-competent E. coli PB104 cells and were grown in LB medium in the presence 
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of 1  μ /mL chloramphenicol and 1   μ /mL ampicillin. Cells were  rown in a 
bioreactor with pH 7.5, temperature  7 °C, and oxy en control (dissolved oxy en >70%), using a complex medium [12 g/L Bacto-Tryptone (BD), 24 g/L yeast extract (BD), potassium phosphate (17 mM KH2PO4 and 72 mM K2HPO4) (pH 7), supplemented with chloramphenicol and ampicillin]. 40% (v/v) glycerol/L medium was used as additional carbon source and 0.1% (w/v) L-arabinose to induce the protein expression. Cells were harvested after 120 minutes.  Membrane vesicles were prepared as described elsewhere (Koçer et al., 2007). Briefly, cells were broken using a cell disrupter (Type TS/40; Constant Systems) at 
1.7 kbar and 5 °C. After two subsequent centrifu ation steps, membrane vesicles were resuspended and homogenized in ice-cold 25 mM Tris-HCl (pH 8.0) to 7 g (wet weight)/mL, and frozen in liquid nitro en and stored at −8  °C. 
Protein modification and Isolation Protein was isolated as described by Kocer et. al. (Koçer et al., 2007). Briefly, membrane vesicles were solubilized by solubilization buffer (10 mM NaPi pH:8.0, 300 mM NaCl, 1% (v/v) Triton X-100 and 35 mM imidazole) and unsoubilized material was removed by ultracentrifugation. The solubilized fraction was then applied to Ni-NTA agarose resin (Qiagen), which was equilibrated with solubilization buffer. After 30 minutes incubation, the unbound material was let washed through and the column was washed with 15 CV of wash buffer [10 mM sodium phosphate (pH 8.0), 300 mM NaCl, 0.2% (v/v) Triton X-100, 35 mM imidazole]. After this washing step, the column is further washed with a second wash buffer, which contains all the components as first wash buffer except for imidazole. Then the column matrix was incubated with dansyl label dissolved in DMSO. After 45 minutes at room temperature the column was washed with a second wash buffer and 50 mM Histidine buffer (wash buffer containing 50 mM Histidine). Finally, the protein was eluted with 235 mM Histidine buffer (wash buffer containing 235 mM Histidine), and the fractions were analyzed for protein content by the Bradford assay. 
Protein Reconstitution into Liposomes Proteins were reconstituted into synthetic liposomes according to Koçer et al. 
(Koçer et al., 2007). Briefly, lipid suspension (azolectin or DOPG:DOPC (3:1) mixture) was homogenized by extrusion 11 times through a 400 nm filter. Liposomes were destabilized by the addition of Triton X-100. Protein and lipids 
were mixed at 1:5  wei ht ratio and incubated for    min at 5  °C. Subsequently, the mixture was supplemented with 6 mg (wet weight) Biobeads (SM-2 Absorbents; Bio-Rad) per microliter of detergent (10% Triton X-100) used in the sample and lipid preparation. For detergent removal, the sample was incubated overnight (~16 h) at   °C under mild a itation. 
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Before fluorescence assay, the mixture was applied to size exclusion column (Sephadex G50 Pharmacia) in order to collect the liposomes.  
Fluorescence Assay  Elution fractions were assayed in a Varian Cary Eclipse Fluorometer at an excitation wavelength of 335 nm and emission wavelength was scanned between 400 to 600 nm. Firstly, the initial fluorescence of the liposomes was measured. Then the liposomes were titrated with increasing concentrations of LPC, following incubation for 5 min at each step, fluorescence was recorded. When there is no detected change in the fluorescence upon LPC addition, BSA was added to the liposome mixture and flowing incubation for 5 min, the fluorescence was recorded again. As a control, empty liposomes were also scanned with and without LPC and BSA, and the background signal was subtracted from the proteoliposome signal. Two independent reconstitution and fluorescence measurement experiments were done for each residue and the average value is reported. The data is smoothened by using Origin Pro Fast Fourier Transform filter. 
MD simulations Simulations of MscL gating were performed following a similar protocol as described previously (Yefimov et al., 2008; Louhivuori et al., 2010). In short, a Martini coarse-grain (CG) model (Marrink et al., 2004; 2007; Monticelli et al., 2008) was used with the GROMACS 4.5 simulation package (Hess et al., 2008). A CG Martini 2.0 topology for MscL was derived from the crystal structure of the closed state M. Tuberculosis MscL (PDB ID 2OAR) (Chang et al., 1998). The channel was embedded in a bilayer of 562 CG DOPC lipids and surrounded with ~20k CG water beads (corresponding to about 80k water molecules) using the insane.py script. The initial system was energy-minimized (steepest descent, 500 steps) and the bilayer was minimized around the protein in a few short simulations (3 ns total) using short time step 1-10 fs and with position restrains on the protein backbone. The temperature and pressure were controlled using the Berendsen thermostat (298 K) and barostat (Berendsen et al., 1984) with 1 bar semi-isotropic pressure coupling. The restrains were released, the time step set to 30 fs and the system equilibrated 
for   μs. Bilayer tension was incrementally applied in seven short (  ns) simulations to a value of 65 mN/m. From the final coordinates 12 independent 
(random velocities) simulations were started and simulated for up to  .5 μs while maintaining a bilayer tension of 65 mN/m. In the first ~100 ns following the application of the lateral bilayer tension and thinning of the bilayer, the MscL channel transmembrane helixes tilted, extending the extracellular cavity of the channel. Then 50–2,000 ns later depending on the simulation the channel hydrophobic gate expanded and CG water passes through the channel. Counting the bidirectional water flow through the MscL channel. 8 of the 12 simulations showed CG water fluxes greater than 5 CG waters per ns and were analysed further. Water 
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access for a specific MscL residue was defined as the average number of CG water molecules in a 1 nm distance away from the residue. A 10 ns window was used for averaging of each channel state: at equilibrium (no applied tension), right after applying bilayer tension and for the different simulations at times when the channel shows flux of 1, 5, 10, 20, 30, 50, 75, and 100 CG water molecules per ns.  
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